New high-resolution infrared spectra of crystalline isotopic benzenes CJIs, CsH6D, p-, m-CS&D2, symCsH,Ds, and CsDs are presented. Using these data in conjunction with isotopic mixed-crystal data and the polarized single-crystal spectra (CsBs) of Zwerdling and Halford, the exciton band structures and coupling constants for nondegenerate vibrations of C6Hs and C6Ds are obtained. One vibration of sym-CslI,Da has also been analyzed. It is assumed that when the band shapes and splittings are nearly identical, the polarizations can be carried over from the CsHs crystal to CSD6 and sym-C6H,Ds crystals. It is not possible to analyze completely the degenerate bands of these isotopes since experimental data do not yield values of all the independent matrix elements appearing in the expression for the energy of the exciton components. In the isotopic modifications of lower symmetry, exciton structure is not easily interpreted due to an orientational effect, crystal induced Fermi resonance, and the inevitable presence of isotopic impurities.
INTRODUCTION
The infrared spectrum of the benzene crystal has had a long and interesting history beginning in 1949 with the classic paper by Mair and Hornig.! Not only did these authors correctly assign all of the spectrum in the infrared, but they observed and identified exciton structure on some of the bands. Their investigation, however, was somewhat limited by their low instrumental resolving power. In 1955 Zwerdling and Halford,2 again using relatively low resolution, obtained polarized, single-crystal spectra of benzene. These still remain the only infrared polarization data published on the benzene crystal.
3 More recent infrared work on crystalline benzene (CJIa and CaD6) was carried out by Hollenberg and Dows 5 • a using a resolution of about 0.7 em-I. These workers also measured the absolute intensities of the infrared crystal transitions of CaHa and CaDa. The investigation of Hollenberg Phys.17, 1236 Phys.17, (1949 .
IS. Zwerdling and R. S. Halford, J. Chem. Phys. 23, 2221 (1955 and Dows represented the first comprehensive and detailed study of the infrared spectrum of crystalline benzenes under high resolution.
Although it was clear in these early investigations that the observed structure in the benzene-crystal vibrations was due to the coupling of the four molecules in the unit primitive cell, it was not at all obvious how to interpret the observed splittings in terms of specific interactions. In fact, no interpretation was presented in terms of the intermolecular coupling constants of Davydov exciton theory7 primarily because transitions to one of the four exciton components from the ground state is dipole forbidden (Au$Ag), and there was therefore insufficient information to determine the three coupling constants.
Recently Bernstein, Colson, Kopelman, and Robinson 8 , following Nieman and Robinson,9 have presented a technique for determining the position of the fourth Davydov component, employing isotopic mixed-crystal data. Such data, in the limit of the ideal mixed crystal,S allow the mean of the k=O exciton multiplet to be determined and the unobserved level to be predicted. A knowledge of accurate, high-resolution polarization data would then enable one to evaluate the magnitude and sign of the nearest-neighbor, pairwise exciton coupling constants and, therefore, to establish the form and magnitude of the intermolecular interactions that characterize the entire exciton band lO • ll in the crystal. Clearly, such an analysis depends heavily on good dilute isotopic mixed-crystal data and accurate highresolution single-crystal polarization ratios. The former a Although there are some questions concerning this work, a careful analysis of the experimental apparatus and procedure reveals that any difficulty can be cleared up when one considers the divergence of their light beam [R. Kopleman, (private communication) ] and the fact that they employed the incorrect crystal structure. They believed that the benzene molecules were oriented parallel to the crystal axes. With the correct crystal structure4 their oriented-gas arguments are not greatly altered, and their conclusions concerning the spectra observed along the a and c axes remain likewise unaltered. 7 A. S. Davydov, Usp. Fiz. Nauk 82,393 (1964) [Sov. Phys.-4 E. G. Cox, Rev. Mod. Phys. 30, 159 (1958) ; E. G. Cox, Usp.7, 145 (1964) Chem. Phys. 48, 5596 (1968) .
ibid. A279, 98 (1964 interactions in crystalline benzene; (2) to understand vibrational exciton interactions in neat crystals of the isotopic benzenes; (3) to study the relationship between isotopic mixed-crystal data and vibrational exciton structure of the various benzenes; and (4) to determine what, if any, are the effects of isotopic substitution upon the vibrational-exciton coupling constants in the neat crystal.
II. THEORY
Exciton band theory in the Frenkel limit has recently been discussed for the case of benzene in a paper by Bernstein, Colson, Kopelman, and Robinson. 8 Pertinent earlier references to the general theory are discussed in that work. For the purposes of this paper we shall require the energies of the four Davydov components (k=O), stants M qq' for translationally inequivalent molecules. In Ref. 8 it was shown that the mean energy of these four components lies at a position E+A+U(O), where E is the gas-phase excitation energy, A is the total static field gas-to-crystal shift (site shift), and U(O) is the translation group shift. The value of A corresponds so the shift between the gas-phase excitation energy and that in an ideal mixed crystal. 8 • These polarizations are obtained from the CaB. data by assuming the same band structure for the two isotopes; square brackets indicate Fermi resonance.
f Due to low resolution. the C,H, polarizations are not known (Ref.
2).
Another result of Ref. 8 that should be kept in mind here is that site splitting of a molecular degenerate state is best defined in terms of ideal mixed-crystal data. It is not necessarily a useful concept in the neat crystal because of the large number of independent off-diagonal interaction matrix elements associated with a pair of degenerate or nearly degenerate crystal states. For example, in the case of benzene, there are only three independent off-diagonal elements for a molecular nondegenerate state but ten for a doubly degenerate • Not well known due to inaccuracy in the determination of the polarized components.
h ",. and Pili are in resonance in the pure"crystal and to a lesser extent in the IMC. state. This complication arises when both site states map into the same irreducible representation of the site group, as in the case of benzene, and is particularly important when the magnitude of the site splitting in the ideal mixed crystal is comparable to the width of the exciton band in the neat crystal. The latter condition applies to many vibrational exciton bands in crystalline benzene.
It is important to realize too that vibrational states of the crystal are more susceptible to Fermi resonance p, m-CsH4D2, m-C S H2D4, and CsHD. in host crystals of CsHs and CsDs. The apparent splitting of nondegenerate transitions in the molecules having symmetry lower than D3h is due to an orientational multiplicity in the C. site of the crystal. This observation indicates that the nonsymmetry related site directions or positions can and do affect the site vibrations differently. In other words, when the molecular vibration can have specific orientations with respect to its environmental field and the molecule can orient itself in more than one way in this field, the differently oriented vibrational transitions can have different energies and thus display an orientational effect. These energy differences OOE have been empirically determined to be roughly of the same order as the site group splittings and the exciton splittings ( ........ 2-10 em-I). It can be further shown I4 that all these energy "splittings" originate from the same interactions, namely, the intermolecular atom-atom couplings in the crystal.
III. EXPERIMENTAL METHODS AND RESULTS
The general technique for the preparation of samples has been described previously.Is The isotopic benzenes used in these experiments were either unpurified or cesium purified. The CsHs was obtained from Phillips 1Jj V. L. Strizhevsky, Opt. Spektrosk. 8, 165 (1960) [Opt. Spektrosc. 8, 86 (1960) For weak transitions, such as VI4 in C 6 H s , or any of the "gerade" vibrations of an isotopic modification with no center of symmetry, a O.OlS-in. indium spacer was used between the two CsI cell windows to fix the sample thickness. In this manner the cell produces a sample of the order of 150 p. thick, estimated from both the measured compression of the indium spacer and the intensity of the transitions. For strong transitions, such as the elu and a2u vibrations of C6H6 and CsDs, the samples were made with flat, ground and polished windows, to give sample thicknesses of roughly 10-20 p.. Both techniques produce very transparent polycrystalline samples containing no empty volume. These samples are then attached to the cold finger of a helium Dewar and brought to nOK in about 10-15 min. Although many runs were carried out at 4.2°K, most of the data were obtained at n°K. strumental resolution, there is no observable difference in exciton structure at these two temperatures. All spectra were obtained on a Beckman IR-12 whose calibration was checked against H20 and CO2 spectra after each benzene experiment.
A. C6H6 and C6D6
Some of the spectra for the C6H6 and CsD6 vibrations are given in Figs. 1-9 , and the data are reported in Tables I and IJ resonance among the fundamentals themselves and because of numerous combinations and overtones in these regions. 6 Such complications are known to be present in the gas-phase spectrum 20 and have recently been discussed for isotopic mixed crystals of benzene. I2 • IS In Table III are contained the exciton coupling constants (M,) for the nondegenerate u molecular vibrations (a2u, blu, b2,,) of CsH6 and C6D6 obtained from the neat and isotopic mixed crystal data. The CsHs polarization ratios of Ref. 2 are employed.
Jlll(~tJ.) [697 em-I and Sl1 em-I]
The jill band for C6HS and C6D6 ( Fig. 1 and Fig. 6 ) look quite similar to one another. As can be seen in Table III , the exciton coupling constants are about the same though those belonging to C6D6 appear somewhat smaller. It should be noted, however, that the bands • Components in brackets are obtained from 1M C level and observed exclton components.
are broad and thus the M GO.'s can be determined to only :1::0.5 em-I. Both samples were Cs purified 16 so that chemical impurities cannot be called upon to explain any of the structure. The possibility that part of the absorption in the exciton band is due to isotopic im- fact that the band has a large exciton splitting and is thus quite sensitive to crystal quality/n The discrepancy between the M's for CeRe and CeDe might be attributable to the line uncertainty, but there could be real causes for this difference. The C-C and C-H(D) contact distances are smaller in CeDe than in CeRe due to the smaller zero-point amplitudes for the D atoms. Thus the C-C and C-D interactions could be larger in the more closely packed CeDe crystal. These changes in M qq, can best be termed a zero-point or bond-length effect. Just how these changes would affect the M's is very difficult to judge, since in the calculation l4 of the interaction energies the geometry and number of contacts become involved in a very complicated fashion. Such changes in the exciton coupling constants should not be confused with isotopic effects on the interactions, where a change in the atomatom potentials is brought about by a change in the electronic charge distribution in going from H to D, an effect that is expected to be vanishingly small. For JiJ.4 (Figs. 2 and 7) the exciton splittings in CeHe and CeDe are very similar. The pairwise interactions appear somewhat larger in CeDe than in CeRe. but the experimental uncertainty does not allow a definite statement to be made.
plo(b 2u ) [1147 em-1 and 821 em-I]
For this band the M's for CeDe and CeRe obtained from the isotopic mixed-crystal data and the neatcrystal data do not agree. The major reason for this difference can be seen from Table II . The 1'10 and 1'18 bands of CeDe (Fig. 9) interact considerably in the pure crystal since they are brought into better resonance by the exciton splitting of each band. However, they do not interact as much in the isotopic mixed crystal where the exciton splitting is missing. This difference in Fermi resonance in the pure and mixed crystals considerably shifts the band from its ideal mixed- above ideas, however, these effects may again be assumed to be small. Still there are many fundamentals that are quite broad, showing no discernable exciton structure (Figs. 11 and 12 ). The two principal causes of this (see Fig. 12 ) are Fermi resonance and the presence of a large amount of isotopic impurity such as m-CsH4D2. Loss of structure due to overlapping transitions of other isotopes can be seen from the difference between spectra of the Cs purified and unpurified samples. Cs purification I6 appears to cause exchange of Hand D atoms.
In the Vn and VI6 regions the complications from Fermi resonance and from isotopic impurities are believed to be small.
24 Since VI6 is a degenerate vibration in the free molecule, the only band for which we can obtain M's is Vn (~"). Within an error of ±0.5 em-I these are: MI 11= 0, MI m= 1.5, and MI IV= 1 cm-I (±0.5 cm-I ). The large error is due to the greater line-position error in sym-C6HaDa. While it is difficult to comment extensively on these exciton coupling constants, they seem of the same general size as those of the Vn bands of CaHa and CsDa.
C. Other Isotopes
For CaH5D, m, p-CaH4Dz, and m-C a H2D4, large orientational effects are possible. Fermi resonance is extensive, and isotopic impurities are numerous. For these reasons, the pure crystal spectra are uniformly uninformative (see Figs. 13 and 14) . The VISa region of p-CaH~2' for example, is probably complicated due to the presence of CaHs (Fig. 14) . Where impurities and orientational effects do not obscure the exciton structure, Fermi resonance takes over to complicate matters.
An interesting point concerning the p-CaH4D z spectra shown in Fig. 14 is that the g vibrations V9b (910 em-I) and VUla (850 cm-I ) appear to be induced due to the loss of the Ci site symmetry in the crystal.
This decrease in symmetry occurs because of the orientational disorder in the crystal, and graphically illustrates the importance of site symmetry for the selection rules.
IV. CONCLUSIONS AND SUMMARY
The experimental results reported in this paper demonstrate the following:
(a) For the case of benzene there appears to be no need to invoke large isotopic effects on the nearestneighbor pairwise exciton interactions. Any change in the M's for different isotopic modifications of benzene can probably be ascribed to either Fermi resonance or to zero-point effects on the C-D and C-H bond lengths.
(b) The orientational "splittings" observed in mixed crystals occur also in neat crystals. In the neat :u The Vll band of m-CJI.D, should fall around 538 em-I and could change the band shape of the sym-CJIaD. band. crystal, however, the orientational effect usually serves to broaden the exciton structure to such an extent that neither the orientational "splitting" nor the exciton structure can be extracted from the spectrum.
(c) A further orientational effect can occur in principle if there is a loss of C. site symmetry in the crystal due, say, to isotopic substitution. Such an orientational effect is postulated for non-D6h species because of the expected random rotational orientation of the molecules at their sites. That "splittings" or broadening caused by this effect are small is indicated by the fact that a number of sym-CaHaDa neat-crystal transitions are fairly sharp. However, g, u-selection rules have been observed to be affected by this type of symmetry loss. Other effects, such as a breakdown of the Ak= 0 selection rule and the disruption of the general k-band structure due to the loss of translational symmetry in the crystal, may also contribute to broadening of the exciton structure in non-Dan isotopic crystals.
(d) The importance of Fermi resonance for crystal vibrational spectra is emphasized. Fermi resonance in the crystal is greatly enhanced over that in the free molecule because of the greater chance of resonance and the reduced symmetry in the crystal. Fermi resonance is particularly prevalent when the number of allowed transitions is large, such as in the low-symmetry isotopic modifications of benzene. The presence of Fermi resonance complicates and tends to obscure exciton structure in the crystal. It may also cause the ideal mixed-crystal concept 8 to break down so that it is no longer possible to obtain the mean energy of the Davydov components from isotopic mixed-crystal data.
(e) Doubly degenerate vibrations in the molecule are split because of the low symmetry of the site. For benzene, site splitting and exciton splitting appear to be of comparable magnitude and often the expected six infrared lines are resolved. However, the number of data are insufficient 8 to allow an analysis of the splitting in terms of intermolecular interactions. (0<21<8) are compared to the theoretical predictions. The dependence of a,s on z seems to be approximately described by the modified Flory-Fox relation a,'-a.a= 1 03z. The observed dependence of he!) =2Az!NAB on ! for polymethyl methacrylate solutions is very close to the result for polystyrene solutions. It is found that logh(!) is not a linear function of logzl over a sufficiently wide range of zl(0<z<8).
The theories of dilute polymer solution are represented in terms of the parameter z given by z=O.330B(6(s2) 
where B is the free energy parameter related to the binary cluster integral, (S2)0 is the unperturbed meansquare radius of gyration, and M is the molecular weight of polymer. The parameter B must be determined for direct assessment of the theories of dilute polymer solution. vicinity of the e temperature. We have proposed a method 6 • 6 of evaluating B from osmotic-pressure data of moderately concentrated solutions. This osmotic-pressure method is not limited to e solvents.
Since B can be evaluated even in good solvents, a comparison of the theories with experiment is possible over a wide range of z.
In the previous paper,s we have examined the viscometric and thermodynamic behaviors for polystyrene in toluene solutions. Further examination seems to be required for evaluation of the theories of dilute polymer solution. Here we deal with the excluded-volume effect for polymethyl methacrylate in acetone and benzene solutions.
